Circulating tumor cells (CTCs) in the blood have been used as diagnostic markers in patients with colorectal cancer (CRC). In this study, we evaluated a CTC detection system based on cell size to assess CTCs and their potential as early diagnostic and prognostic biomarkers for CRC.
INTRODUCTION
Colorectal cancer (CRC) is one of the most common malignancies worldwide and one of the leading causes of cancer-related deaths. Despite tremendous efforts, CRC remains the third most commonly diagnosed cancer in men and the second most commonly diagnosed cancer in women, with 1.65 million new cases and approximately 835,000 deaths per year worldwide (1) . Its incidence has been increasing and is expected to increase by 60% with more than 2.2 million new cases and 1.1 million cancer deaths by 2030 (2) . In Korea, the CRC incidence rate was the highest in the world according to Global Burden of Disease Cancer 2012 estimates, with an age-standardized incidence rate of 45.0 per 100,000 person-years (1) . Despite recent advances in the management of resected CRC and introduction of more effective treatments for metastatic tumors, approximately 30%-50% of patients with CRC who have undergone potentially curative resection experience recurrence in the form of regional lymph node or distant metastasis (3) (4) (5) . This suggests the presence of potential metastatic cells, which cannot be detected by currently used diagnostic methods.
The tumor cells that shed into the blood circulation from primary or metastatic cancers are referred to as circulating tumor cells (CTCs). Ashworth first reported the presence of CTCs in a metastatic cancer patient in 1869 (6) . On 100 years after CTCs were first observed, attempts to detect CTCs were initiated, with immunomagnetic separation as one of the first techniques. Despite several studies reporting on CTC detection, the methodological aspects have not presented a clear appraisal of the clinical impact. Although immune-mediated methods and reverse transcriptase polymerase chain reaction can be sensitive, their specificity remains a critical issue, because CTCs that have undergone epithelial-mesenchymal transitions (EMTs) during cancer dissemination do not express epithelial markers (7) . As complementary methods, many researchers have developed new technologies using a size-based isolation method to overcome the disadvantages of immunomagnetic separation. More recently, for the direct detection of CTCs in peripheral blood, we developed a new size-based platform, a centrifugal microfluidic system based on the fluid-assisted separation technique (FAST), and demonstrated that FAST allows for the rapid, highly selective and sensitive, and label-free isolation of CTCs from whole blood without prior sample treatment (8, 9) .
Although several studies have reported that CTCs can assist in CRC diagnosis and the evaluation of prognoses, the clinicopathological significance of CTCs remains unclear (10, 11) . Therefore, the aim of this study is to evaluate the efficacy of FAST in assessing CTCs in patients with CRC and to investigate the clinical potential of CTCs as early diagnostic tools and prognostic biomarkers for CRC.
METHODS

Study design (patients and sample)
Ninety-nine patients with CRC before undergoing surgery and 31 healthy controls were prospectively enrolled at the Pusan National University Hospital (Busan, Korea) from August 2014 to December 2015. Among patients with CRC, 5 patients who previously had other concomitant malignancies, such as gastric cancer (1 patient), renal cell carcinoma (1 patient), bladder cancer (1 patient), and laryngeal cancer (2 patients), were sequentially excluded. In addition, 1 patient who underwent palliative resection for CRC recurrence after previous surgery and 1 patient with synchronous CRC from among familial adenomatous polyposis patients were excluded. Furthermore, 4 patients were excluded due to sample clogging. Finally, 88 patients were included in the analysis. The 31 healthy controls included 21 men and 10 women with no current illnesses or history of any neoplastic disease. This study was conducted in accordance with the Declaration of Helsinki. This study was approved by the Institutional Review Board of the Pusan National University Hospital (H-1412-011-024), and all participants provided signed informed consent.
Peripheral blood samples were collected before surgery. The evaluation included medical history-taking and physical examination, complete blood count and blood chemistry testing, and preoperative carcinoembryonic antigen (CEA) level measurement, as well as radiography and computed tomography (CT) for tumor staging. To determine the risk factors for CTC positivity after curative CRC surgery, we compared the preoperative patient characteristics (sex, age, and preoperative CEA level), intraoperative findings (tumor location and tumor size), and postoperative pathological characteristics (cell type, lymph node involvement, vascular invasion, lymphatic invasion, perineural invasion, KRAS mutation, and microsatellite instability positivity). The staging evaluation was performed according to the American Joint Committee on Cancer tumor-node-metastasis (TNM) staging for CRC (seventh edition) (12) . All patients were followed up for a median period of 19.5 months (range, 1-37.9 months). Overall survival (OS) was defined as the period from surgery to death from any cause, and progression-free survival (PFS) was defined as the period from surgery to the first event of either CRC relapse or death. Patients who did not experience relapse or who died (for PFS) or remained alive (for OS) at the final follow-up were censored at that time. The biospecimens and data used for this study were provided by the Biobank of Pusan National University Hospital, a member of the Korea Biobank Network.
Surgical procedure
Open or laparoscopy-assisted colorectal resection with lymphadenectomy, resection, and reconstruction were performed. The appropriate surgical technique was selected based on the site of the primary tumor, lymphovascular pathway, histopathological diagnosis of the previous biopsy specimen through colonoscopy, and degree of cancer progression. In cases with right-sided cancer, standard or extended right hemicolectomy was performed. For patients with left-sided cancer above the sigmoid colon, left hemicolectomy was performed. Various types and levels of anterior resection were performed for patients with sigmoid and rectal cancer. Surgical colorectal specimens were obtained for histopathological evaluation and pathological TNM staging.
Isolation, enumeration, and identification of CTCs
From all participants, 3-5 mL of peripheral blood samples were drawn into a buffered ethylenediaminetetraacetic acid tube by venipuncture. To prevent contamination by skin epithelial cells, the first 2 mL of blood were discarded. Blood samples were used within 8 hours to prevent cell damage. The CTC isolation protocol using FAST has been described previously (9) . In brief, before CTC isolation, the disk surface was passivated with 1% bovine serum albumin solution. Furthermore, 1 mL of phosphate-buffered saline (PBS) was used to wash the disc surface. After surface passivation, 3 mL of blood without any sample treatment steps (such as red blood cell lysis and dilution) were transferred to the disc. CTCs were isolated on the track-etched polycarbonate membrane with 8-mm pores by rotating the disc using a programmed spin program.
The immunofluorescent technique was performed on the disc to identify the number of isolated CTCs from the blood sample. First, the isolated cells were fixed with 4% formaldehyde for 15 minutes at 37°C. The isolated cells were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, MO) in PBS for 5 minutes and then washed with PBS. Samples were then blocked with 20 mg/mL immunoglobulin G, followed by staining with several antibodies. The isolated cells could be differentially identified with the use of an epithelial marker (cytokeratin [CK]) and a hematopoietic white blood cell marker (CD45), as well as the existence of a cell nucleus (4,6-diamidino-2-phenylindole [DAPI]) or surface epithelial cell adhesion molecule (EpCAM), as described in our previous studies (13) . The cells were subsequently subjected to image analysis under a fluorescence microscope (Eclipse Ti-E fluorescence microscopy; Nikon, Tokyo, Japan) at 340 magnification. CTCs were defined as cells with the following characteristics: DAPI-positive, CD45-negative, EpCAM-positive cell, or DAPI-positive and CK-positive cell, with a diameter of >8 mm ( Figure 1 ). The results were quantitatively reported as the number of CTCs per 7.5 mL of whole blood.
Statistical analysis
We created a receiver operating characteristic (ROC) curve to identify the best sensitivity and specificity threshold values for CTCs to differentiate patients with CRC from healthy controls. As the area under the curve (AUC) was the largest, this value was set Clinical and Translational Gastroenterology as the cutoff. All data were analyzed using the IBM SPSS software, version 20.0 for Windows (IBM, Armonk, NY). The association between CTC positivity and various clinicopathological characteristics was analyzed using a Fisher exact test or x 2 test for categorical variables and a Student t test for quantitative variables. Kaplan-Meier survival curves for survival outcomes (OS and PFS) according to CTC level were constructed with available clinical data, and the differences were evaluated using a log-rank test. Statistical significance was set at P , 0.05.
RESULTS
Baseline clinicopathological characteristics of the patients with CRC
Between August 2014 and December 2015, a total of 88 patients with CRC who underwent potentially curative therapy were enrolled into this study; we detected the presence of CTCs using FAST. The main clinicopathological characteristics of the 88 patients are presented in Table 1 . There were 58 men (65.9%) and 30 women (34.1%), and their median age was 62.5 years (range, 45-87 years). All patients were pathologically diagnosed with colorectal adenocarcinoma; 67 patients presented with colon cancer and 21 with rectal cancer. The median tumor size was 4 cm (range, 0.5-13.3 cm). According to histological type, 77 (87.5%) of the tumors were differentiated-type adenocarcinomas and 
Identification of CTCs in patients with CRC and healthy controls
We first compared the CTC detection rates using FAST. CTCs were identified in 3 of the 31 healthy volunteers (9.7%, CTC counts: 2.5, 5, and 5 in 7.5 mL of blood). In contrast, CTCs presented preoperatively in 74 of 88 patients with CRC (84.1%). The median number of CTCs among these patients was 60 (range, 0-120) per 7.5 mL of blood. The number of CTCs in the CRC group was significantly higher than that in the healthy control group (P , 0.001). The sample size in the control was powered appropriately for this analysis.
We then distinguished patients with CRC from healthy controls using ROC curves ( Figure 2) . A scatter plot of the CTC values of the healthy controls and patients with CRC are presented in Figure 3 . The "optimal" cutoff value was defined by the highest Youden index value. Therefore, we defined the cutoff as 5 CTCs in 7.5 mL of blood sample (AUC 5 0.906). Of the 68 participants with a CTC level $5 per 7.5 mL of blood, 66 (97.1%) had CRC. However, among those with a CTC level ,5 per 7.5 mL of blood, 29 (56.9%) were healthy controls. The corresponding Youden index was 0.750, sensitivity was 75%, specificity was 100%, positive predictive value was 100%, and negative predictive value was 58.5% (Table 2) .
Association of CTCs with clinicopathological parameters in CRC
To investigate whether the detection of CTCs was associated with clinicopathological parameters, we first analyzed the correlation according to CTC positivity. A threshold of $5 was selected for CTC positivity in our correlation analysis. The patients' characteristics, according to CTC positivity, are presented in Table 3 . CTC-positive patients more frequently had vascular invasion (P 5 0.034). Except for vascular invasion, there was no significant difference in the other patient characteristics according to CTC positivity. Among the enrolled patients with CRC, 4 were diagnosed with stage IV cancer; all these patients belonged to the CTC-positive group.
Survival outcomes according to CTC positivity
All participants were categorized into CTC-positive and CTCnegative groups during the follow-up period. To investigate the relationship between CTCs and clinical outcomes, we analyzed the survival outcomes (OS and PFS) according to CTC positivity. The median follow-up period was 19.5 months, and there were 15 (17.0%) cases of recurrence and 5 (5.7%) cases of death. CTC positivity in this study demonstrated a trend toward poor OS and PFS, but the differences were not statistically significant (Figure 4) .
DISCUSSION
The present study revealed 3 main results for CTC detection in patients with CRC. First, we evaluated the efficacy of FAST in assessing CTCs in patients with CRC. CTCs were detected by FAST in 74 of 88 (84.1%) patients with CRC, which was higher than the positivity rates (10.5-36.2%) previously reported using the CellSearch system. Second, we investigated the role of CTCs in the early diagnosis of CRC. ROC curves and the corresponding AUC values were generated to compare the predictive sensitivity and specificity. A CTC level of $5 per 7.5 mL of blood was determined as the cutoff value in the ROC curves. This model had sensitivity of 75%, specificity of 100%, positive predictive value of 100%, and negative predictive value of 58.5%. Third, the preoperative detection of CTCs can serve as a prognostic biomarker in patients with CRC. OS and PFS tended to be lower in CTC-positive patients than CTCnegative patients. These results suggest the potential of FASTbased CTC detection in the early diagnosis of CRC and prognosis. Figure 2. Differentiating patients with CRC from healthy controls using a ROC curve. To identify the optimal CTC threshold value for differentiating patients with CRC from healthy controls, the sensitivity and specificity were optimized using a threshold count of 5 CTCs per 7.5 mL of blood. Red line, reference line; Blue line, ROC curve; CTC, circulating tumor cell; AUC, area under the curve; CRC, colorectal cancer; ROC, receiver operating characteristic. The use of CTCs in peripheral blood was recognized as "realtime liquid biopsy" in solid tumors because it could be performed frequently, easily, and less invasively. The field of CTC research is active (14) . However, CTCs are rarely found in blood, at levels typically >1 in a billion cells, and they are fragile. Therefore, the enrichment of CTCs with purity and high recovery has been a great challenge (15) . There are various assays with different principles that can be used for the enrichment and identification of CTCs (16) (17) (18) . Many of them are not yet standardized and are confusing to the cancer research community. EpCAMs are the most widely used in CTC detection (19) (20) (21) (22) . The CellSearch system, which immunologically identifies the EpCAM semiautomatically, is the first and only standardized system approved by the US Food and Drug Administration for CTC detection in patients with metastatic CRC (23) . However, carcinoma cells that have passed through a partial or complete EMT process are no longer detectable by epithelial phenotype (EpCAM) in peripheral blood. Recent studies reported that a significant portion of CTCs are EpCAM negative (24, 25) . Thus, it is evident that the CellSearch system does have decisive limitations in the detection of CTCs to identify EpCAM-negative CTCs. Many researchers have developed new technologies using a size-based isolation method (isolation by size of epithelial tumor cells) to overcome the disadvantages of the CellSearch system. Isolation by size of epithelial tumor cell technology could isolate a higher number of CTCs by capturing tumor cells using differences in the deformability and diameter of hemocytes and abnormal cells (26) (27) (28) . We previously reported a dramatic increase in recovery rate with the use of FAST (9) . CTC detection through FAST provides rapid, clog-free, uniform, and efficient filtration with high throughput under a lower pressure drop from whole blood without prior sample treatment compared to conventional separation. The cost of one FAST disc used in this study is approximately USD 220, and the total process of CTC isolation from whole blood takes less than 3 hours, which can be potentially useful in clinical settings. In this study, we applied FAST for CTC detection in patients with CRC. Among the 88 patients with CRC, 74 (84.1%) presented one or more CTCs; this is higher than the positivity rates (10.5%-36.2%) reported previously using the CellSearch system (29) (30) (31) .
Clinical and Translational Gastroenterology
The most important outcome indicator after CRC resection is the pathological stage at diagnosis (12) . The stage-dependent CRC survival rates are 94%, 82%, 67%, and 11% for stages I, II, III, and IV, respectively (32) . Therefore, screening and the early detection of CRC are critical for the improvement of long-term survival, as well as to ensure an approximately 50% decrease in CRC incidence and mortality (33) . Several approaches involving serum CEA (34), fecal occult blood tests (35, 36) , radiological examinations (such as CT and MRI) (37) , and colonoscopy are commonly used to screen or diagnose CRC. However, serum CEA alone is not useful as a diagnostic marker with its low sensitivity and specificity (38) . In addition, CT or MRI may miss some early tumor dissemination or micrometastases. Although colonoscopy remains the most effective method to screen and diagnose CRC, colonoscopy is the most invasive CRC screening method and is associated with adverse events such as bleeding and perforation (8 and 4 in 10,000 colonoscopies, respectively), and adverse cardiovascular events (4.9 in 1,000 colonoscopies) (39, 40) . Therefore, it is necessary to identify biomarkers that can be used for early diagnosis. In this study, we demonstrated the high accuracy of a novel CTC assay in the detection of CRC. CTC detection through FAST has 75% sensitivity in detecting cancer, which is comparable to the sensitivity of guideline-recommended screening tests: 62%-79% for guaiac-based fecal occult blood tests, 73%-88% for fecal immunochemistry alone, 92% for stool DNA plus fecal immunochemistry, and 75%-93% for colonoscopy (41). To our knowledge, this is the first report to demonstrate the high sensitivity and specificity values through CTC detection using FAST as an early diagnostic tool for CRC. This finding is important because there is still some reticence in the use of stool-based tests or invasive examinations such as colonoscopy. Therefore, CTC detection using FAST is advantageous for the early detection of CRC because it can be performed noninvasively and easily with high compliance at any time. In the future, we plan to validate the use of CTC testing using FAST for the early detection of CRC in the general population in Korea. One of the most intriguing findings of our study is that only vascular invasion was associated with CTC positivity (P 5 0.034). Vascular invasion and lymphatic invasion are generally evaluated and diagnosed as single events, i.e., as lymphovascular invasion. However, vascular invasion and lymphatic invasion in CRC are diagnosed and reported separately in our hospital. According to Fujii et al. (42) , the advantage of such separate diagnoses is that vascular invasions have a stronger association with the development of visceral metastasis. Although vascular invasion is considered a valid prognostic factor for CRC, it is unclear whether it is associated with poor outcomes. Vascular invasion may be a result of overshooting angiogenesis; all modes of tumor angiogenesis include the shedding of cancer cells into the circulation in the form of CTCs (43) . Metastasis is generally hypothesized to reflect that primary cancers locally invade the surrounding tissue through basement membranes and undergo a process known as EMT to achieve their invasive and migratory properties (44, 45) ; after EMT, the cancer cells enter the peripheral blood by a process called intravasation (these cells are termed CTCs), survive during their translocation to the microvessels of distant tissues, exit from the bloodstream (extravasation), adapt to a favorable secondary site, and subsequently form tumors (46) (47) (48) . The spread to anatomically distant sites appears to occur through the blood vessels, and the phenomenon in which cancer cells invade blood vessels is a critical step in metastasis (49, 50) . It is also important to note that, in this study, all patients with stage IV disease were positive for CTCs. This finding is consistent with the results of a recent meta-analysis, which stated that overt distant metastases indicate a more pronounced association between CTC detection and poor prognosis (10) . These results suggest that the process of cancer metastasis is mediated through CTCs. In summary, in the presence of vascular invasion, the cancer can undergo hematogenous metastasis in the form of CTCs, which may be associated with poor prognoses.
The pathological TNM staging system established by the American Joint Committee on Cancer is widely used to predict the prognosis of patients with CRC (12) . In recent times, many studies have indicated that the detection of CTCs in patients with CRC is of strong prognostic significance (29, (51) (52) (53) . However, for clinical applications, the prognostic utility of CTCs detected in patients with CRC has not yet been consistently determined (51, (53) (54) (55) . In addition, the detection methods vary across laboratories and the optimal cutoff value for CTCs has not yet been confirmed. In this study, we assessed the efficacy of CTCs detected by FAST as prognostic biomarkers by categorizing participants into 2 groups (CTC-positive and CTC-negative). OS and PFS of CTC-positive patients were inferior to those of CTC-negative patients (Figure 4 ), although the differences were not statistically significant. These results are consistent with those of another study that compared CTC positivity using the size-based platform (56) . A recent meta-analysis that applied the CellSearch system used a cutoff value of CTCs of $3 per 7.5 mL of blood (57) . Although our results indicated a cutoff value of $5 CTCs per 7.5 mL of blood, the optimal cutoff value defining CTC positivity using a size-based platform in patients with CRC remains unclear. There is a need for further studies with various cutoff values using a size-based platform to assess the prognostic usefulness of CTCs. The present study had several limitations. First, FAST-based CTC detection has a potential limitation in the form of its sensitivity. CTCs that have undergone EMT do not express epithelial markers. However, the addition of CK-staining to the protocol overcame the shortage to detect CTCs without EpCAM expression. Second, the number of cases was relatively small for the use of FAST-based CTC detection in differentiating patients with CRC from healthy controls. Third, the markers used for detection of CTCs are mainly focused on detection of carcinoma and are not specific for CRC. To overcome this limitation, we excluded patients who had cancer in other organs. Furthermore, for the healthy control group, the 31 volunteers who agreed to participate in this study had no past or current history of medical illness. Also, during the study period, the volunteers had no specific findings in the national cancer screening program. Finally, because FAST-based CTC detection was performed only preoperatively and we did not check for changes after adjuvant therapy (not only chemotherapy alone but also chemoradiotherapy), CTC detection may not accurately reflect the long-term follow-up results as suggested by current guidelines. Although there are some limitations to this study, we found that a compact standalone instrument (FAST system) provides great potential for establishing a user-friendly, ultrafast, highly sensitive, and cost-effective CTC detection technology from the unprocessed whole blood of patients with CRC, which is critical for rare cell-based diagnosis and prediction of prognosis. Beyond immunostaining and counting, molecular analyses are increasingly being practiced in CTC characterization. The CTCs isolated by the FAST disc are not fixed but are instead alive, allowing them to be readily used for standard analyses, such as mutation analyses (e.g., epidermal growth factor receptor and RAS gene), which are particularly important for personalized therapy (e.g., cetuximab or bevacizumab).
In a high percentage (84.1%) of patients with CRC, preoperative detection of CTCs was possible with the use of FAST. In addition, FAST-based CTC detection correlated to vascular invasion but not to other clinicopathological variables in the patients with CRC. Finally, our study provides promising results for the use of CTCs as early diagnostic tools and prognostic biomarkers in patients with CRC. However, larger trial validation studies with longer follow-up periods are mandatory for the application of FAST-based CTC detection.
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